Background/Aims: Circulating tumor cells (CTCs) are valuable in both basic research and clinical application for cancer management. In the current study, we evaluated the diagnostic value of CTCs in pancreatic ductal adenocarcinoma (PDAC). Methods: In total, 143 blood samples from 95 consecutively diagnosed PDAC patients and 48 healthy donors were collected. Combined data from immunostaining of CD45, DAPI and fluorescence in situ hybridization (FISH) with chromosome 8 centromere (CEP8) probe were used to identify CTCs. Cells with features of CD45-/DAPI+/CEP8>2 were detected as CTCs. Results: CTCs were classified as triploid, tetraploid and multiploid based on chromosome 8 copy number. CTC subtype composition was significantly different among groups. Both subtype number and total CTC number were significantly increased in PDAC patients, compared to healthy controls. Total CTC number had 75.8% sensitivity and 68.7% specificity at a cutoff value of 2 cells/3.2 mL. This study is the first to report that CTC subtype number is also useful in cancer diagnosis. Sensitivity was 53.7% and specificity was 85.4% at a cutoff point of 2 CTC subtypes. The diagnostic value of both total CTC number and CTC subtype number was a little poorer than CA199. Conclusions: Both CTC subtype and total CTC number may serve as potential biomarkers for PDAC.
Introduction
Pancreatic ductal adenocarcinoma (PDAC), derived from the ductal epithelium, is the most common histological subtype accounting for 90% of all pancreatic malignancies [1] . Symptoms generally occur later on during disease progression, the most frequent being pain, jaundice and weight loss. The majority of PDAC patients have metastatic disease at the time of diagnosis. Diagnostic imaging tests, including CT and MRI, have the ability to depict the location, size and vascularity of pancreatic cancer, but show limited potential in detecting small primary tumors and metastatic locations [2] . Endoscopic ultrasound coupled with fine-needle aspiration (EUS-FNA) is the current gold standard technique [3] . However, this method requires sedation and is associated with appreciable risk of complications, such as pancreatitis, bowel perforation and aspiration. Different serum biomarkers are used as adjuncts in the diagnosis of PDAC, among which carbohydrate antigen 19-9 (CA199) is the only biomarker approved by the Food and Drug Administration (FDA) of the United States [4] . Although CA199 is widely adopted in the diagnosis and treatment process, it is insufficiently sensitive for early detection screening and non-specific due to elevated levels in a number of benign pancreatic or biliary diseases. The identification of effective biomarkers for early diagnosis and dynamic management of PDAC thus remains an urgent unmet medical need.
Circulating tumor cells (CTCs) are tiny amounts of tumor cells that have escaped from primary tumors and metastatic foci and entered the bloodstream [5, 6] . These cells have recently been exploited for guiding clinical management, evaluating curative efficacy, predicting prognosis and monitoring tumor recurrence [7] . The CellSearch system is the only CTC detection technology approved by the FDA. The identification procedure relies on cytokeratin staining of cells in blood samples [8] . However, the CellSearch system is limited, in that epithelial cell adhesion molecules and cytokeratins are not expressed in a number of CTCs. A number of novel methodologies have been developed to improve the efficiency and precision of CTC detection in pancreatic cancer [9] . Aneuploidy, a common manifestation of chromosome instability, is a hallmark of malignant solid tumors [10] . As chromosome numbers are reflected by chromosome 8 centromere (CEP8) using fluorescence in situ hybridization (FISH), aneuploidy detection in peripheral blood provides a fresh perspective for CTC detection [11] .
In this study, a total of 143 blood samples from 95 consecutively diagnosed pancreatic ductal adenocarcinoma patients and 48 healthy donors were enrolled for CTC identification. Combined immunostaining of CD45, DAPI and CEP8-FISH was performed to detect and characterize CTCs. CTC subtype distribution and composition data from different groups were inputted for statistical analysis. We further explored the associations of total CTC number and CTC subtype number with clinicopathological factors. The receiver operating characteristics (ROC) curve was constructed to evaluate the diagnostic value of CTCs.
Materials and Methods
Patients and sample collection Ninety-five patients with newly confirmed PDAC were enrolled from April 2015 to April 2016. None of the included patients had received any PDAC-directed treatment or had a history of any other malignancy during the past 5 years. Forty-eight healthy donors, randomly selected from physical examination center, were included as controls. Criteria for healthy donors included no family history of cancer, no tumors or other systemic disease history. All subjects signed an informed consent agreement. Diagnosis of PDAC was based on histopathological observations of specimens obtained from fine needle aspiration or resection. Clinical data, including age, gender, location of primary tumor, tumor differentiation, tumor size, lymph node metastasis and distant metastases, were collected. Clinical staging was based on the current classification system designed by American Joint Committee on Cancer (AJCC).
Whole peripheral blood samples were obtained via venipuncture from healthy donors and PDAC patients before invasive tests and therapeutic measures. Tubes without anti-coagulant were used to collect 2 mL blood samples from each subject for clinical tumor biomarker analysis. Tubes containing acid citrate dextrose (ACD)-anticoagulant (Becton Dickinson, NJ, USA) were used to obtain 3.2 mL whole blood samples for CTC detection. All blood samples were processed within 48 h after collection. The experimental protocol was approved by the Ethics Committee of Fudan University-Affiliated Huashan Hospital and conducted in adherence to the Declaration of Helsinki Principles.
Subtraction enrichment and detection of CTCs
Strategies for CTC isolation and detection were similar to those reported previously [12] . In summary,Next, RBCs were dissolved via RBC hypotonic hemolysis, and residual cell particles resuspended in PBS. CTCs were cultured with anti-CD45 monoclonal antibody-coated magnetic beads (Life Technologies, Carlsbad, CA, USA). Subsequently, magnetic beads loaded with the majority of leukocytes were wiped out by a magnetic stand (Promega, Madison, WI, USA) from the cell suspension, which was smeared and fixed on slides for CTC identification. Specimens were dipped in 2 × SSC at 37°C for 15 min, and dehydrated in 75%, 85% and 100% ethanol for 3 min each. Vysis Spectrum Orange-labeled centromere probe 8 (CEP8) was added (Abbott Molecular Diagnostics, Des Plaines, IL, USA). Specimens were denatured at 76°C for 5 min and hybridized at 37°C for 1.5 h, followed by soaking in 50% formamide for 15 min and washing in 2 × SSC twice for 5 min. Specimens were dehydrated in a series of 75%, 85% and 100% ethanol for 3 min each, incubated with Alexa Fluor 594-conjugated anti-human CD45 at room temperature for 1 h, and washed twice with 0.2% BSA. Following the addition of DAPI, slides were observed along the ''S'' track using a microscope (Nikon). CTCs were stained as CD45-/ DAPI+/CEP8>2. Enrichment and identification of CTCs were performed blindly by different personnel, who were not provided any information on the medical history and clinical status of patients.
Measurement of CA199
The expression levels of CA199 in serum samples were determined using a chemiluminescence assay kit according to the kit instructions of manufacturer (Roche, Shanghai, China). The cutoff value for the biomarker was 35 U/mL.
Statistical analysis
Statistical analysis was carried out using SPSS Statistics 22.0 (SPSS, Chicago, IL, USA). ROC curve was plotted to assess the performance of CTCs in a PDAC screening test. Correlations of PDAC CTCs with clinicopathological characteristics were examined using the chi-square test. All statistical tests were twosided. P values less than 0.05 were considered significant.
Results

CTC identification
CD45, DAPI and CEP8 staining data observed with the fluorescence microscope were combined to identify CTCs (Fig. 1) . Immunostaining of CD45 was applied to exclude the disturbance of leukocytes from tumor cells derived from the pancreatic ductal epithelium. Cell nuclei were observed using DAPI stain. CEP8 was used to count chromosome 8 copy number. Theoretically, the size and strength of CEP8 signals in the nucleus of the same specimen should be consistent. Close hybridization signals in single cells were referred to as 1. Small-scale and weak hybridization signals may have been non-specific and were thus not counted. Cells with features of CD45+/DAPI+/CEP8≤2 (Fig. 1a) , CD45+/DAPI+/CEP>2 (Fig. 1b) and CD45-/DAPI+/CEP8≤2 (Fig. 1c) were considered negative, while those stained as CD45-/DAPI+/CEP>2 were defined as CTCs. Cells were classified as triploid, tetraploid, pentaploid, sextuploid and septuploid CTCs based on chromosome 8 copy number. As CTCs with more than 5 CEP8 signals were rarely seen in the study, they were collectively called as multiploid CTCs for later convenient searching. Cells were thus classified as triploid (Fig.  1d) , tetraploid ( Fig. 1e ) and multiploid CTCs (Fig. 1f) based on chromosome 8 copy number.
CTC subtype distribution and subtype composition in different groups
In total, 448 CTCs were identified in 83 out of 95 PDAC patients, including 306 (68.3%) triploid cells, 119 (26.6%) tetraploid cells and 23 (5.1%) multiploid cells. Within the 48 healthy controls, 37 (69.8%) triploid cells, 13 (24.5%) tetraploid cells and 3 (5.6%) multiploid cells were detected. The result demonstrates that CTC identified by the number of CEP8 signals not only exist in peripheral blood of PDAC patients but also in the peripheral blood of healthy controls. This is in accordance with previous study, showing that aneuploidies exist in a small fraction in normal tissues [13] . The reported occurrence varies from 0.5% to 20%, and appears different in different tissue. Aneuploidy has been reported to occur in association with cellular stressors, such as oxidative damage, hypertension and ageing [14] . The occurrence of aneuploidies in the peripheral blood of healthy donors may shed from tissues under these cellular stressors. In PDAC patients, the more frequent occurrence of aneuploidies may arise from PDACs.
We compared the distribution of the three CTC subtypes between the PDAC and healthy control group and found no differences (p=0.944) (Fig. 2a) . We then analyzed the CTC subtype composition of each subject from the patient and healthy control groups (Table 1 ). All three CTC subtypes were present in 13 out of 95 (13.7%) patients and none of the healthy controls. Fig. 3 . CTC subtype number and total CTC number in pancreatic cancer patients and healthy controls. CTC subtype number and total CTC number in PDAC patients were significantly higher than those in healthy controls (a, b). CTC subtype number was not markedly different between stage I-II and stage III-IV patients (c). Total CTC number in patients with stage I-II tumors was significantly lower compared to that in stage III-IV (d). No significant differences in CTC subtype number were evident between patients with and without distant metastasis (e). Total CTC number in patients with distant metastasis was significantly increased relative to those with no distant metastasis (f). .001) for CTC subtype number. The optimal cutoff value was 2 CTCs/3.2 mL blood for total CTC number, yielding a sensitivity of 75.8% and specificity of 68.7%. For CTC subtype number, sensitivity was 53.7% and specificity was 85.4% using 2 CTC subtypes as a cutoff point. (b) Value of the area under the ROC curve for CA199. Both area under the ROC curve for CTC subtype number and total CTC number were a little lower than CA199.
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CTC subtype number and total CTC number in pancreatic cancer patients and healthy controls
We further analyzed CTC subtype number and total CTC number in the different groups. The mean CTC subtype number detected in PDAC patients was 1.55 (0-3), but just 0.75 (0-2) in healthy controls. This difference was statistically significant (p<0.001) (Fig. 3a) . Overall, 0-31 total CTCs/3.2 mL whole blood (mean number, 4.71 CTCs/3.2 mL) were detected in pancreatic cancer patients relative to 0-5 total CTCs/3.2 mL (median number, 1.10 CTCs/3.2 mL) in healthy controls, which was significantly different (p<0.001) (Fig. 3b) . As TNM staging is commonly applied in the diagnosis, cure and prognosis of PDAC, we examined the relationship between TNM stage and CTC. The mean CTC subtype number in patients with stage I-II tumors was 1.49 (0-3) and that in patients with stage III-IV tumors was 1.63 (0-3). There was no difference in CTC subtype number between patients with stage I-II and stage III-IV tumors (p=0.469) (Fig. 3c) . The mean number of CTCs in patients with stage I-II tumors was 3.76/3.2 mL, which was significantly lower than 6.02/3.2 mL in patients with stage III-IV tumors (p=0.049) (Fig. 3d) . The CTC subtype numbers from patients in the distant metastasis group were not significantly different from those without distant No-neg, number-negative; No-posi, number-positive; Subneg, subtype-negative; Sub-posi, subtype-positive Table 3 . Sensitivity and specificity comparison between CA199 and CTCs. AUC, area under the curve metastasis (p=0.180) (Fig. 3e) . However, total CTC number was markedly different between patients with and without distant metastasis (p=0.012) (Fig. 3f) .
Diagnostic value of CTC compared to CA199 in PDAC
We constructed ROC curves to assess the performance of CTCs as a diagnostic tool for PDAC (Fig. 4a) . The value of the area under the ROC curve was up to 0.791 (95% CI = 0.718-0.863, p<0.001) for total CTC number and 0.743 (95 % CI = 0.661-0.825, p<0.001) for CTC subtype number. Youden's index was then used to select the optimum cutoff value which maximise the sensitivity and specificity from the ROC curve. The optimal cutoff value was 2 CTCs/3.2 mL whole blood for total CTC number, yielding a sensitivity of 75.8% and specificity of 68.7%. For CTC subtype number, sensitivity was 53.7% and specificity was 85.4% using 2 CTC subtypes as the cutoff point. We defined samples with ≥2 CTCs per 3.2 mL blood as CTC number-positive and those with ≥2 CTC subtypes as CTC subtype-positive. The relationships between CTC and clinicopathological factors of PDAC were further examined ( Table 2) . Total CTC number-positive rates were not significantly associated with gender, age, tumor location, tumor differentiation, tumor size, tumor stage, lymph node metastasis, and metastasis, but showed a bias towards association with age. CTC subtype-positive rates were significantly associated with age and tumor location.
To further evaluate the diagnostic value of CTCs for PDAC screening, sensitivity and specificity of CA199 were compared with those of CTCs. ROC curve of CA199 was shown in Fig. 4b . The area under ROC curves was 0.831 (Table 3) . Sensitivity and specificity were 0.684 and 0.979 for CA199. Compared with CA199, the diagnostic value of both total CTC number and CTC subtype number was a little poorer than CA199.
Discussion
CTCs are cancer cells disseminated from primary and metastatic tumors into the circulating system. They have been demonstrated to open a new research field in diagnosing, evaluating clinical effect, and monitoring recurrence in ovarian cancer [15] . Functional analysis of CTCs based on in vitro and in vivo models from breast, prostate and colon cancers have also attracted some interest due to the possibility of revealing the biological properties of metastatic cells [16] . The epithelial and mesenchymal markers of CTCs have been reported to change with disease progression in breast cancer [17] . Using innovative technology, CTCs could potentially aid in elucidating the molecular mechanisms of PDAC metastasis and chemoresistance, and assist in identifying therapeutic targets and determining follow-up treatment [18] .
In our study, hypotonic hemolysis buffer was used to lyse RBCs and immunomagnetic beads used to remove the majority of leukocytes, leaving CTCs and a small quantity of leukocytes in the cell suspension. CD45, DAPI and CEP8-FISH staining data were combined to identify CTCs. Fluorescence in situ hybridization (FISH) techniques based on centromere probes have been utilized in particular chromosome aneuploidy detection. In an earlier study, sensitivity and specificity of FISH in aneuploidy detection were determined as 78% and 98% in 210 consecutive tissue samples from lung cancer patients [19] . CEP8-FISH has additionally been applied for CTC detection. Zhang et al. identified CTCs in 22 pancreatic cancers using a combination of CEP8, CK and CD45. Cells with features of CD45-/CEP8>2 were detected in 18 out of 22 (81.8%) cancers [20] . Ning and co-workers combined immunostaining of CD45 and CEP8-FISH for detection of CTCs in lung cancers and ovarian cancers [12] .The positive rate of lung cancer CTC detection was 83.33% (25/30) . This method yielded a sensitivity of 76.2% (16/21) in ovarian cancers. In our experiments, CTCs were detected in 83 out of 95 (87.4%) PDAC patients. These results support the utility of the method based on CD45, DAPI and CEP8-FISH staining for CTC identification.
The range of CTCs found in this study was 0-31 in PDAC patients and 0-5 in healthy controls, higher than that described in other studies. The difference in CTC number may result from the difference in CTC detection method. An efficient detection of CTCs is composed of effective isolation and accurate identification [21] . Several isolation methods have been used in pancreatic cancer patients, such as density centrifugation, immunuomagetic enrichment with the epithelial cell adhesion molecule (EpCAM) and cell filtration technology. CTC identification has been performed using CellSearch, immunocytochemistry and polymerase chain reaction (PCR) based method. Allard et al. used the CellSearch system to detect CTC in a total of 16 patients with metastatic pancreatic cancer [22] . 6 out of 16 (37.5%) patients had CTCs, and only one patient had ≥5 CTCs. Bidard et al. found CTCs in merely 9 out of 79 (11%) patients with locally advanced pancreatic cancers using the same system [23] . Among them, six patients had 1 CTC/7.5 mL, two patients had 2 CTC/7.5 mL and one patient had a high count of 15 CTC/7.5 mL. Ren et al. identified CTC by immunocytochemistry via CA19-9 and cytokeratin 8/18 and found that 33/41 (80.5%) patients were CTC positive [24] . CTCs were detected in 33.8%-84% patients by Nested PCR using CK20 mRNA as CTC marker in different investigations [25, 26] .
Here, we have reported for the first time that both CTC subtype number and total CTC number are upregulated in the peripheral blood of PDAC patients, compared with healthy controls. Total CTC number has been reported to be of value in pancreatic cancer diagnosis based on the CEP8-FISH method. Our findings imply that the CTC subtype number is also beneficial for tumor diagnosis. The current study has revealed novel insights into the potential diagnostic application of CTCs based on aneuploidy detection. Despite the increase in total CTC number in patients with distant metastasis relative to that in patients without metastasis, no association was evident between CTCs and metastasis. The CTCs detected in our study were actually circulating aneuploidies, reported to be a main driving force for tumorigenesis [27] . Few studies to date have reported a close relationship between aneuploidy and tumor metastasis. CTCs identified based on the EpCAM staining detection method were closely related to epithelial-mesenchymal transition (EMT) [28] and served as an independent prognostic factor for tumor metastasis [29] . The relationship between CTCs and tumor metastasis should be assessed based on the detection method.
Our study has several limitations. Total CTC number displayed a bias towards association with age and CTC subtype number was significantly associated with age. These results consisted with previous studies on cell and animal level. The accumulation of aneuploidies has been found in senescent endothelial cells [30] . Links between chromosomal instability and aging have been reported in mouse models [31, 32] . Aneuploidy in the liver has also been reported to increase with age [33] . To improve the diagnostic application of CTC, it is necessary to remove disturbance from age-related aneuploidy. Notably, CTC subtypepositive rates were significantly associated with tumor location. 20/29 (68.97%) patients with cancer in the pancreatic body or tail were CTC subtype-positive while merely 31/66 (46.97%) patients with cancer in the pancreatic head or neck were CTC subtype-positive. This may be caused by the different serving vessels for different locations of pancreatic cancer [34] . Vascular invasion from the pancreatic head or neck cancer generally infiltrates the portal/superior mesenteric vein. Inversely, vascular invasion from the pancreatic body or tail cancer often occurs in the celiac arterial systems [35] . The different hematogenous transfer pathways of tumor cells from different locations may partly explain the different CTC subtype-positive rates in peripheral blood. Further studies are required to explain our findings. In view of the limitations in study time, the correlation of CTC number and subtype with prognosis needs to be further followed up over a longer period. The term 'CTCs' in our study actually refers to aneuploid cells in peripheral blood. The biological mechanisms of aneuploidy in association with tumor genesis and development require elucidation.
In summary, our data support the potential clinical value of PDAC CTCs based on a detection method combining CD45, DAPI and CEP8-FISH staining. Both CTC subtype number and total CTC number may act as potential biomarkers for PDAC diagnosis. The relationship between CTCs and patient prognosis will be further examined. Additional in-depth studies are required to elucidate the role of CTCs in PDAC progression.
